Introduction
High intensity athletic training induces functional and structural adaptive changes to the heart often referred to as athlete's heart. These adaptations include increased ventricular mass and myocardial wall thickness as well as cardiac chamber enlargement and enhanced resting parasympathetic tone. [1] [2] [3] The differentiation of athlete's heart from pathological conditions such as hypertrophic cardiomyopathy or arrhythmogenic right ventricular (RV) dysplasia is important because these pathological conditions are leading causes of non-traumatic death among university athletes. [4] [5] [6] [7] [8] There is a need to more comprehensively characterize adaptations induced by high intensity athletic training in an international and multiracial university athlete population to further inform guidelines and allow for more data driven sports participation recommendations. The current American task force document for protecting the heart of athletes identified the lack of normative data in large populations of athletes of varying ages, races, ethnicities, and sports as a major knowledge gap. 9 To our knowledge, this is the first study to evaluate the prevalence of structural heart disease and changes of cardiac geometry of university athletes in a large-scale international athletic event. This study utilized the 2015 Gwangju Summer Universiade as a platform to screen and characterize the cardiac morphology and function of highly trained international university athletes. This study aimed to characterize the incidence of structural heart abnormalities, and to investigate changes in cardiac geometry among highly trained international university athletes.
Methods

Check-up Your Heart Program
The International University Sports Federation (FISU) planned the Check-up Your Heart Program as a legacy project of the 2015 Gwangju Summer Universiade. In collaboration with FISU and the organizing committee of the 2015 Gwangju Summer Universiade, the Check-up Your
Heart Program was operated in the Athlete Village on 1-14 July 2015, during the Universiade. The study protocol was approved by the institutional review board (IRB No: CNUH-2015-135). In addition, personnel for this programme were as follows: four cardiologists (one electrophysiologist and three echocardiographers), three cardiac sonographers who were registered diagnostic cardiac sonographers, one medical technologist, nine volunteers, and two translators.
Demographic information was obtained using the athlete-reported questionnaire. Blood pressure, heart rate, and anthropometric data including height, weight, and wingspan were collected. Body composition including lean body mass, body fat mass, and muscle mass were measured by using InBody 230 Body Composition Analyzer (InBody Co, CA, USA).
Study population
A total of 1185 athletes (23 ± 6 years of age, 688 males) from 140 countries gave informed consent and completed the cardiovascular screening programme in the 2015 Gwangju Summer Universiade (Figure 1) .
According to the echocardiographic results, athletes were divided into two groups: (i) normal left ventricular (LV) geometry vs and (ii) abnormal LV geometry (concentric remodelling, concentric hypertrophy, or eccentric hypertrophy). Demographic, anthropometric, and echocardiographic findings were compared.
Sports disciplines were classified into four subgroups according to the predominant characteristics of exercise training 10, 11 : (i) skill (i.e. primarily technical activities; n = 226), including golf, table tennis, equestrian, rhythmic gymnastics, shooting, fencing, karate, taekwondo, and sailing; (ii) power activities (i.e. primarily isometric activities; n = 177) including 
weight lifting, wrestling, and short-distance running (100-200 m); (iii) mixed disciplines (i.e. disciplines with alternate isometric and isotonic components; n = 339) including soccer, basketball, volleyball, handball, water polo, and tennis; and (iv) endurance disciplines (e.g. primarily isotonic activities; n = 403), including rowing, canoeing, swimming, long-distance running, cycling, triathlon, and pentathlon.
Echocardiographic measurements
Echocardiographic images were obtained using digital echocardiography equipment (Vivid E9, GE Healthcare, Milwaukee, USA). Digital cine loops were stored for subsequent offline analysis, and the data was analysed in the computerized software (EchoPAC PC 6.0.0, GE Healthcare, Milwaukee, USA) by an expert cardiologist in echocardiography.
Comprehensive 2D and Doppler echocardiography were performed according to the current recommendations of the European Association of Cardiovascular Imaging (EACVI). 12 Two-dimensional measurements of the left heart included LV end-diastolic dimension (LVEDD), LV endsystolic dimension (LVESD), thickness of the LV interventricular septum and posterior wall, LV end-diastolic and end-systolic volume, LV ejection fraction, LV mass, and left atrial (LA) anteroposterior diameter and volume index. Two-dimensional measurements of the right heart include RV basal and longitudinal diameter in the apical view and outflow tract diameter in the parasternal short-axis view. RV wall thickness, tricuspid annular plane systolic excursion (TAPSE), and RV systolic pressure were obtained. The diameter of the inferior vena cava (IVC) was also included in RV measurements.
Relative wall thickness (RWT) was defined as the ratio of the sum of the interventricular septum and posterior wall thickness in end-diastole to the LVEDD, and RWT >0.42 was considered abnormal in both sexes. LV mass >115 g/m 2 in men and >95 g/m 2 in women was considered abnormal. Based on RWT and LV mass, LV geometry was classified into four categories: (i) normal, (ii) concentric hypertrophy, (iii) eccentric hypertrophy, and (iv) concentric remodelling. Concentric hypertrophy, eccentric hypertrophy, and concentric remodelling were considered as abnormal LV geometry.
Statistical analysis
Continuous variables were presented as mean ± standard deviation and were compared using the student's (Figure 2) . The majority of athletes showed normal LV geometry (86.7%), but abnormal LV geometry was noted in 156 (13.3%) athletes. Concentric remodelling (n = 73, 6.2%) was the most common abnormal LV geometry, followed by eccentric hypertrophy (n = 58, 4.9%) and concentric hypertrophy (n = 25, 2.1%) in both male and female ( Figure 3) .
Male gender, increased body habitus [height, weight, body surface area (BSA), muscle mass], higher systolic blood pressure, and lower 
heart rate were significantly associated with abnormal LV geometry ( Table 1) .
Echocardiographic findings of the left heart
LVEDD, LVESD, RWT, and LA dimension were 50.5 ± 5.1 mm, 32.7 ± 4.2 mm, 0.33 ± 0.06 and, 32.8 ± 4.6 mm, respectively. When compared with the normal reference value of the EACVI guidelines, 12 LVEDD, LVESD, RWT, and LA dimension were abnormally increased in 12.0% of athletes (10.2% in male and 14.5% in female), 10 .2% of athletes (7.9% in male and 13.5% in female), 8 .3% of athletes (9.8% in male and 6.2% in female), and 8.0% of athletes (11.1% in male and 3.8% in female), respectively ( Figure 4) . The thickness of the LV interventricular septum and posterior wall were 8.0 ± 1.7 mm and 8.3 ± 1.6 mm, respectively. The thickness of the LV interventricular septum and posterior wall > _12 mm was identified in 23 athletes (1.9%) and in 24 athletes (2.0%), respectively. However, no athletes were identified with LV wall thickness >15 mm.
LV end-diastolic volume was significantly increased in the abnormal LV geometry compared with the normal geometry group even though LVEDD, LVESD, and LV end-systolic volume were not different. The LV interventricular septum and posterior wall thickness and LV mass were significantly increased in the abnormal LV geometry compared with normal geometry group. LA dimension and volume index were also significantly increased in the abnormal LV geometry compared with the normal geometry group. However, the parameters of LV diastolic function were not different ( Table 2) .
Echocardiographic findings of the right heart
RV basal diameter, longitudinal diameter, outflow tract diameter, and wall thickness were 38.5 ± 7.1 mm, 81.3 ± 9.7 mm, 2.6 ± 0.5 cm, and 3.4 ± 0.9 mm, respectively. When compared with the normal reference value of the EACVI guidelines, 12 Figure 5) . RV dimensions and wall thickness were significantly greater, and TAPSE was significantly higher in the abnormal LV geometry compare with the normal geometry group. IVC diameter was also larger in the abnormal LV geometry compare with the normal LV geometry group ( Table 2) . Other structural heart diseases identified on echocardiographic screening included 11 bicuspid aortic valves (0.9%), 4 small atrial septal defects without significant shunt (0.3%), 3 patent foramen ovales (0.3%), and 1 small ventricular septal defect without significant shunt (0.1%).
Structural heart diseases on echocardiography
Asian vs. non-Asian athletes
Height and BSA were significantly less (172.8 ± 9.4 vs. 176.2 ± 10.8 cm, P < 0.001 and 1.8 ± 0.2 vs. 1.9 ± 0.2 m 2 , P < 0.001, respectively) and body weight was significantly lower (68.9 ± 14.4 vs. 71.6 ± 14.4 kg, P = 0.005) in Asian athletes compared with non-Asian athletes. However, body mass index was not different between Asian and non-Asian athletes (22.9 ± 3.2 vs. 22.9 ± 3.2, P = 0.966).
LV and LA dimensions, LV volumes, LV wall thickness, and LV mass were significantly greater in non-Asian than in Asian athletes. After indexing to BSA, LVEDD (27.6 ± 2.8 vs. 27 .4 ± 2.8, P = ns), LVESD (18.0 ± 2.2 vs. 17.7 ± 2.3, P = ns), LA dimension (17.8 ± 2.3 vs. 17.8 ± 2.3, P = ns), and LV wall thickness (4.5 ± 0.8 vs. 4 .5 ± 0.8, P = ns) were not different, but LV end-diastolic (63.6 ± 13.8 vs. 69.8 ± 15.5, P < 0.001) and end-systolic volume (23.6 ± 6.7 vs. 25 .6 ± 7.5, P < 0.001), and LV mass index (74.7 ± 20.5 vs. 78.1 ± 20.5, P = 0.014) were still significantly greater in non-Asian compared with Asian athletes. RV size and wall thickness and IVC size were significantly smaller, and TAPSE was significantly lower in Asian compared with non-Asian athletes ( Table 3) . After indexing to BSA, RV basal and longitudinal dimensions were not different, but RVOT dimension (1.38 ± 0.21 vs. 1 .44 ± 0.27 cm, P = 0.001), RV wall thickness (1.77 ± 0.52 vs. 1 .90 ± 0.52 cm, P < 0.001), and IVC diameter (1.03 ± 0.28 vs. 1 .08 ± 0.28 cm, P = 0.007) were significantly greater in Asian athletes even after indexing to BSA.
Predictors of abnormal LV geometry
Abnormal LV geometry was significantly more frequent in male vs. female athletes (15.5% vs. 10 .1%, P = 0.029). Athletes of African descent were more likely to have abnormal LV geometry ( Figure 6A) . Power, mixed, and endurance disciplines were more significantly associated with abnormal LV geometry than the skill disciplines 
( Figure 6B) . In multivariate logistic regression analysis, athletes of African descent (odds ratio (OR) 2.16, 95% confidence interval (CI) 1.34-3.46; P = 0.001], endurance disciplines (OR 1.79, 95% CI 1.26-2.54; P = 0.001), and training time (OR 1.01, 95% CI 1.00-1.02; P = 0.045) were independent predictors of abnormal LV geometry ( Figure 7) .
Discussion
Check-up Your Heart Program was one of the largest cardiovascular screening programmes for university athletes to date. It was performed during the 2015 Gwangju Summer Universiade and demonstrated several important findings regarding structural and functional changes of the heart of young trained athletes. This study is unique in that the participating number of athletes was over 1100 making this one of the largest studies in a single sporting event. Also, the Asian population is significantly large compared with other studies making this a valuable supplementation to the accumulated data published so far. In addition, there were several notable findings. First, abnormal LV geometry is not infrequent, and concentric remodelling is the most common pattern of LV remodelling in university athletes. Second, African descent is an independent predictor of abnormal LV geometric changes in university athletes suggesting racial differences. Third, abnormal enlargement of cardiac chambers and thickening of ventricular walls were not infrequent in university athletes when compared with normal reference values of the EACVI guidelines. 12 Fourth, structural cardiac abnormalities including minimal or mild valvular regurgitations are very common in university athletes even though they are clinically non-significant.
Structural heart disease in university athletes
Hypertrophic cardiomyopathy was identified in only three out of 3500 athletes (0.08%) in the study by Basavarajaiah et al. 13 Results
suggested that the prevalence of structural heart diseases associated with sudden cardiac death is extremely rare in young trained athletes, and thus, mass screening of athletes with echocardiography to identify these abnormalities is not likely to be cost effective. 
In contrary to the extremely low prevalence of serious structural heart diseases, minimal or mild valvular regurgitation was common. The prognosis regarding these abnormalities in this population is not well known yet, and thus, serial echocardiographic follow up may be warranted in these athletes.
Chamber quantification between normal population and university athletes
When compared with the normal reference values of the EACVI guidelines, 12 there was a higher prevalence of increased LV or LA size and/or volume in university athletes of this study. These findings are quite similar to the previous studies regarding athlete's heart. [1] [2] [3] [14] [15] [16] [17] [18] Abnormal LV wall thickening (> _12 mm) is less common than LV chamber enlargement. The prevalence of LV wall thickening was 1.5% in the study by Basavarajaiah et al., 13 while the prevalence of LV wall thickening was 2% in the present study. LV wall thickening >15 mm was not identified. Therefore, structural pathological conditions such as hypertrophic cardiomyopathy should be carefully investigated in athletes with LV wall thickening >15 mm. In athletes with a grey zone of LV wall thickness (13-15 mm), an algorithm for differential diagnosis between hypertrophic cardiomyopathy and extreme physiologic hypertrophy of athlete's heart would be helpful. 19 When compared with the normal reference values, RV enlargement was very common and observed in about 40% of university athletes in this study. In the study by Zaidi et al., 20 about 50% of elite athletes showed RV enlargement compatible with diagnostic criteria for arrhythmogenic RV dysplasia. These findings suggest that the RV is more prone to have geometric changes than the LV as an adaptation process for high level repetitive exercise training and also 
suggests that the diagnostic criteria for arrhythmogenic RV dysplasia may not be applicable in trained athletes because of the potential for erroneous diagnosis of arrhythmogenic RV dysplasia. 21, 22 
LV geometric changes in university athletes
This study is one of the largest studies for LV geometric changes in university athletes. Although most of trained university athletes had normal LV geometry, abnormal LV geometry was not uncommon (13.3%), and concentric remodelling was the most common pattern of abnormal LV geometry in both male and female athletes. There was no gender difference in LV geometric changes in the present study. In the recent study by Finocchiaro et al., 23 however, eccentric hypertrophy in dynamic sports was significantly more common in female athletes, whereas concentric hypertrophy/remodelling was significantly more common in male athletes. These findings suggest a potential gender difference in LV remodelling in response to repetitive high levels of exercise. Further studies with a larger number of athletes would be warranted to make a more definitive conclusion. This study also demonstrated athletes of African descent, endurance disciplines, and training time were independent predictors of LV remodelling.
Athlete heart in Asians
Although athlete's heart has been discussed for more than a century, there has been a lack of data on Asian athletes. A total of 281 Asian athletes were included in the present study, and to the best of our knowledge, this study is the largest study regarding athlete's heart in this population. When compared with non-Asian athletes, Asian athletes are shorter with decreased BSA, and thus, absolute LV or LA chamber size and volumes were significantly smaller in Asians vs. non-Asians. After indexing BSA, LV and LA chamber sizes were not different between Asian and non-Asian athletes, but LV volumes and mass index were still significantly smaller in Asian compared with non-Asian athletes. RV size and wall thickness were also significantly decreased in Asian compared with non-Asian athletes even after indexing to BSA. These observations suggest that there will be a racial difference in athlete's heart, and also suggest that normal reference values for cardiac chamber quantification should be individualized according to the race.
Changes of ventricular mechanics by speckle tracking echocardiography
Although strain data are not presented in this study, the evaluation of ventricular function by speckle tracking echocardiography would give additional information in the understanding of athlete heart syndrome. The authors have already presented LV strain data of the highly trained university athletes elsewhere, 24 and RV function in athletes has been deeply assessed by using speckle tracking echocardiography by other investigators.
25-27
Study limitations
This study has several limitations. First, the cross-sectional nature of this study limits understanding of remodelling processes and potential reverse remodelling. Second, lack of follow-up will make the prognosis of minor CV abnormalities and abnormal LV geometry impossible to determine. Third, since the Check-up Your Heart Program was voluntary, there might be selection bias in regard to gender, race, country, and sports disciplines. There also may be selection bias toward a healthier athlete population since athletes who are either known to have, or have been suspected of having cardiovascular abnormalities, may not volunteer for such screening which could potentially lead to disqualification or delay return to participation. Fourth, because some sports such as lifting are not included in Summer Universiade, there were fewer athletes representing power disciplines. Finally, in the present study, the normal reference values of the EACVI guidelines 12 were used to evaluate cardiac abnormalities of athletes. However, Asians may have different normal reference values, and it would affect the results of this study.
Conclusions
This large-scale international multi-sport, multiracial cardiovascular screening programme of the 2015 Gwangju Summer Universiade demonstrated that abnormal LV geometry is not uncommon (13.2%), and concentric remodelling is the most common pattern of LV remodelling in young trained university athletes. Race, sport, and training time are significant predictors of abnormal LV geometry. Structural cardiac abnormalities are common in university athletes even though they are minor abnormalities. Racial differences of LV geometric changes in university athletes were also demonstrated, and thus it is suggested that race or ethnicity specific normal reference values should be made for athletes.
